Diseases of the brain and spinal cord represent especially daunting challenges for cell-based strategies of repair, given the multiplicity of cell types within the adult central nervous system, and the precision with which they must interact in both space and time. Nonetheless, a number of diseases are especially appropriate for cell-based therapy, in particular those in which single phenotypes are lost, and in which the re-establishment of vectorially specific connections is not entirely requisite for therapeutic benefit. We review here a set of potential therapeutic indications that meet these criteria as potentially benefiting from the transplantation of neural stem and progenitor cells. These include: (i) transplantation of phenotypically restricted neuronal progenitor cells into diseases of a single neuronal phenotype, such as Parkinson's disease; (ii) implantation of mixed progenitor pools into diseases characterized by the loss of a limited number of discrete phenotypes, such as spinal cord injury and the motor neuronopathies; (iii) transplantation of glial and nominally oligodendrocytic progenitor cells as a means of treating disorders of myelin; and (iv) transplantation of neural stem cells as a means of treating lysosomal storage disorders and other diseases of enzymatic deficiency. Among the diseases potentially approachable by these strategies, the myelin disorders, including the paediatric leucodystrophies as well as adult traumatic and inflammatory demyelinations, may present the most compelling targets for cell-based neurological therapy.
Studies of lower species have informed us of the role that newly added neurons may play in the natural histories of adult neural networks (Goldman 1998; Gage 2002) , while the identification and mapping of persistent neural stem cells (NSCs) and progenitor cells in the human central nervous system (CNS) have served to highlight the potential for structural neuroplasticity in adulthood (Kirschenbaum et al. 1994; Pincus et al. 1998; Roy et al. 2000b; Sanai et al. 2004) . At the same time, these studies have served to emphasize the inadequacy of the adult human brain's response to disease and injury, which is typified by a lack of clinically significant regeneration in all but the youngest brains. Against this backdrop, we have witnessed an explosion in our understanding of stem cell biology. Pluripotential embryonic stem (ES) cells, neural tissue-derived stem and phenotype-specified progenitor cells have all been investigated for their ability to generate neurons and glia, and the molecular mechanisms by which they do so. This review will focus on the potential utility of NSCs and progenitor cells as substrates for structural repair of the brain and spinal cord. It will emphasize only a few selected clinical targets for which stem and progenitor cell therapy might be the most appropriate and imminent. We and others have recently reviewed strategies for inducing endogenous progenitor cells to effect structural repair (Goldman 2004 (Goldman , 2005b Lindvall et al. 2004; Palmer & Gage 2006) , so that this emerging topic will not be covered here. Similarly, we will not consider cell therapy in disorders such as stroke, Huntington's disease and Alzheimer's disease, which have also been recently reviewed (Lindvall et al. 2004; Chmielnicki & Goldman 2005) , and for which significant gaps in our understanding of their disease mechanisms may slow clinical translation (Goldman 2005a ). Rather, we will focus here on cell transplant-based treatment of a small cadre of carefully chosen neurological disorders, for which our understanding of both the disease process and our intended cellular vector may be sufficient to anticipate therapeutic success once the two are appropriately paired. These potential targets of cell therapy include: Parkinson's disease (PD), a model neurodegeneration of a single neuronal phenotype; spinal cord disease, both the traumatic and degenerative manifestations of which are typically limited to a discrete number of cell phenotypes; and the leucodystrophies and acquired myelin disorders, in which oligodendrocyte loss is the principal endpoint of a wide variety of pathologies.
ACQUISITION AND PREPARATION OF ENGRAFTABLE HUMAN NEURAL PROGENITOR CELLS
Cell transplantation strategies for CNS disease require the acquisition of human NSC and progenitor cells in both high purity and large number. Until phenotypically restricted neuronal and oligodendrocytic progenitors can be safely and adequately derived in purity from human embryonic stem (hES) cells, cell therapeutic strategies will remain dependent on the use of allografted human progenitors derived from both foetal and adult tissues. Multipotential NSCs are abundant in foetal tissues, and continue to line the forebrain ventricles in adults (Morshead et al. 1994; Weiss et al. 1996) , while neuronal progenitor cells also remain within the ventricular wall, throughout its extensions to the olfactory bulb (Lois & Alvarez-Buylla 1993; Luskin 1993 ) and hippocampus. In addition, a larger pool of glial progenitors also pervade both the ventricular zone (VZ) and tissue parenchyma (Levine et al. 2001) . To address the need for large quantities of engraftable cells, several groups have established lines of human NSCs, by exposing initially uncommitted cells continuously to mitogens in serum-deficient culture (Vescovi et al. 1993; Morshead et al. 1994; Palmer et al. 1995; Gritti et al. 1996; Flax et al. 1998; Keyoung et al. 2001) . These lines give rise to functionally mature neurons both in vitro Svendsen et al. 1999; Vescovi et al. 1999) Figure 1 . Sources, isolation and use of defined progenitor phenotypes. This figure schematizes the methods of isolating prospectively defined neural progenitor phenotypes from a variety of human cell and tissue sources, and highlights several of the experimental purposes to which these cells may be allocated and devoted. EGFP, enhanced green fluorescent protein; MAGS, magnetic activated cell sorting; PSA-NCAM; polysialylated neural cell adhesion molecule; LTR, long terminal repeat. Adapted from Goldman (2005b). 1999; Keyoung et al. 2001) . However, these preparations have typically been generated by preferential expansion over prolonged periods in vitro, and are thus exposed from inception not only to mitogens, but also to neuronal and glial paracrine agents in the initially heterogeneous cultures. As a result, NSCs generated by such means may differ in their expansion characteristics, gene expression and differentiation competence from the parental cells from which they derive. To address this weakness of selective expansion as a means of isolating stem and progenitor cells, surface antigen-based sorting has also been used for their selective extraction (Uchida et al. 2000; Lee et al. 2005) . Although currently available antigenic markers for human NSCs are not sufficiently specific to purify these cells from human samples (Uchida et al. 2000) , separation based upon a combination of size, lectin binding and antigenicity has been reported to do so in rodents (Rietze et al. 2001; Capela & Temple 2002) . Specific stem and progenitor cell types may also be isolated by progenitor cell-selective reporter gene expression (Wang et al. 1998) . Individual phenotypes may be identified by transducing either tissue dissociates or cultured cells with fluorescent reporters placed under the control of promoters for genes selectively activated in progenitor cells (Chalfie et al. 1994 ; figure 1 ). The fluorescent progenitor cells may then be isolated by fluorescence-activated cell sorting (FACS). By this strategy of promoter-based sorting, neuronal progenitors have been extracted from both the adult human VZ and hippocampus (Roy et al. 2000a,b) , using Ta1-specified, green fluorescent protein (GFP)-based FACS (Wang et al. 1998) . Similarly, NSCs have been isolated from the human VZ and hippocampus (Roy et al. 2000a,b; Wang et al. 2000; Kawaguchi et al. 2001; Keyoung et al. 2001; Mignone et al. 2004) , based on their transcription of nestin and musashi1, two genes expressed by NSCs (Roy et al. 2000a; Keyoung et al. 2001) . Oligodendrocyte progenitors were also isolated from human brain tissue, based on their activation of the early oligodendrocyte promoter CNP2 (Roy et al. 1999 ); these cells were ((e) Merged images of ( f-h), 1 mm apart.) (i ) OPCs were recruited as oligodendrocytes or astrocytes in a contextdependent manner, such that they matured as MBP C oligodendrocytes in the white matter, but as glial fibrillary acidic protein (GFAP C ) astrocytes in both white and grey matter. Panel (i ) shows the striatocallosal border of a shiverer brain, three months after human foetal OPC transplant (hNA, blue). Donor-derived MBP (red) fills the callosum, while donor-derived GFAP C (green) astrocytes predominate in the striatum and ventricular wall. Scale bar, 1 mm (a-c), 100 mm (d ), 20 mm (e-h), 200 mm (i ). Adapted from Goldman (2005b) and Windrem et al. (2004). found to express membrane gangliosides recognized by the A2B5 antibody, permitting their surface antigenbased extraction and purification. This latter approach has proven critical to isolating engraftable populations of glial progenitor cells sufficient for both preclinical and clinical assessment.
Progenitors for the major categories of neuronal and glial phenotypes of the adult brain may thus be directly extracted from adult tissue. However, these adult cells are not necessarily competent to generate all of the transmitter-restricted neuronal phenotypes of the human brain. Rather, progenitors fated to give rise to discrete neuronal phenotypes may be transient in nature, yielding phenotypically restricted derivatives during a narrow window of embryonic development, and neither before nor after. As a result, obtaining engraftable populations of neuronal progenitor cells of pre-selected and defined phenotype has proven challenging. Other approaches have been developed to address this problem. First, phenotypically restricted neuronal progenitor cells may thus be derived from the developing brain and spinal cord, and immortalized as such. Second, they may be generated and expanded from NSCs removed at the time point and from the site at which the desired phenotypes would otherwise have been generated in vivo; in at least some instances, these isolated NSCs may continue to generate their typical position-and transmitter-defined progeny in vitro, after extraction and propagation. As a third approach, selected neuronal phenotypes may now be generated from hES cells, though only a small number of neuronal phenotypes have thus far been specifically generated through this strategy, and their purity has been insufficient to permit clinical engraftment. Nonetheless, this approach may hold great promise as a source of engraftable cells for selected neurological diseases. One prominent example of a phenotypically restricted neurological disease that has been the target of each of these approaches is PD, which is characterized by the specific and selective loss of nigrostriatal dopaminergic projection neurons; the uniform pathology and single phenotype involvement of PD lends itself to treatment strategies based on the replacement of a single neuronal cell type.
CELL-BASED STRATEGIES FOR TREATING PARKINSON'S DISEASE
Parkinson's disease was arguably the first preclinical and clinical target of cell-based therapy among neurological and neurodegenerative diseases. PD is characterized by the progressive deterioration of dopaminergic neurons in the substantia nigra of the midbrain ( Jenner & Olanow 1998) . Since these neurons project to the caudate and putamen of the neostriatum, there is a significant decrease in neostriatal dopamine in PD. Cell-based therapies have thus far focused on implanting foetal midbrain cells, which include those destined to become dopaminergic neurons, into the neostriatum (Olanow et al. 1996; Lindvall 1999) . These donor dopaminergic neurons are able to ameliorate Parkinsonian symptoms only when a sufficient number of them survive, avoid immune rejection and make appropriate postsynaptic connections with striatal neurons (Bjorklund & Lindvall 2000) . Despite promising studies in experimental models (Kordower et al. 1998; Hauser et al. 1999) , foetal cell grafts to adult PD patients have thus far yielded generally poor results, characterized by limited efficacy and significant morbidity, the latter manifested as medication-independent, refractory dyskinesias (Freed et al. 2001; Hagell et al. 2002) . The potential causes of these weak clinical results are legion; they include the relative scarcity of dopaminergic cells in the donor tissues, the heterogeneity of cell types in each donor sample and variability among those samples, as well as the often non-uniform tissue distributions of the engrafted cells, and their lack of appropriate afferent control when placed into the striatum, among others (Piccini et al. 2005 ). Yet, the relative simplicity of the major pathology of PD, with its loss of a unifocal and phenotypically homogeneous neuronal population, along with PD's manifest epidemiological importance, has continued to spur stem cellbased strategies for its cure. As a result, these initial disappointments in using foetal nigral grafts to treat PD have spurred research into generating more uniform and accessible populations of human dopaminergic neurons, using defined dopaminergic progenitors rather than foetal tissue as source.
EMBRYONIC STEM CELLS AS SOURCES OF DOPAMINERGIC NEURONS
To address these issues, a number of groups explored the possibility of generating highly enriched populations of dopaminergic neurons from mesencephalic progenitors (Studer et al. 1998; Sawamoto et al. 2001) . Tissue-derived progenitors proved capable of giving rise to functional dopaminergic neurons, in sufficient numbers and uniformity so as to permit the functional recovery of rats rendered Parkinsonian by 6-hydroxydopamine (6-OHDA; Studer et al. 1998; Sawamoto et al. 2001 ). Yet preparing engraftable quantities of dopaminergic progenitors from foetal tissue has proven difficult, because of the small numbers of NSCs that may be purified from the first trimester midbrain, and the impracticality and controversial nature of sampling large numbers of abortuses for this purpose. As a result, a number of groups have begun to assess hES cells as a potential source of dopaminergic neurons. This possibility was opened by an elegant series of developmental studies, in which FGF8 and sonic hedgehog (SHH) were implicated as tandem initiators of dopaminergic neurogenesis in vivo (Ye et al. 1998) . By replicating these conditions in vitro, McKay and colleagues first generated dopaminergic neurons from ES cells , and later achieved greater degrees of dopaminergic enrichment by mimicking the oxygen tension of the developing midbrain . Further improvements at replicating an in vivo environment by stromal cell co-culture were attended by even greater degrees of dopaminergic enrichment (Kawasaki et al. 2000; Kim et al. 2006) . When implanted into 6-OHDA lesioned rats, in which nigrostriatal dopaminergic afferents are largely lost, such enriched populations of ES-derived dopaminergic cells proved able to restore functional normalcy to the dopamine-depleted animals . Similar results were obtained using monkey ES cell-derived dopaminergic neurons allografted into MPTP-lesioned adult cynomolgus monkeys, in which treatmentassociated behavioural improvement was noted by 10 weeks after transplantation (Takagi et al. 2005) .
These promising studies notwithstanding, the use of ES cell-derived dopaminergic neurons remains limited though by some of the same caveats that limit tissuederived progenitor implantation. First, even highly enriched ES-derived dopaminergic preparations are by no means pure, and may be contaminated with serotonergic and GABAergic neurons, as well as by glia (Goridis & Rohrer 2002) . The co-introduction of these other transmitter phenotypes, without further dopaminergic selection, might yield as yet unpredictable interactions among the engrafted cells, both synaptic and presynaptic. Furthermore, the long-term survival and phenotypic stability of engrafted primate and human ES-derived neurons have been problematic in both rodent (Park et al. 2004 ) and primate (Takagi et al. 2005 ) models of experimental Parkinson's disease. In addition, any ES cells that might have escaped in vitro differentiation have the potential for undifferentiated expansion, potentially yielding teratomas or their derivative tumours after implantation (Bjorklund et al. 2002) . Thus, even though tumours have not yet been reported in primate or human ES transplants to the CNS (Park et al. 2004; Nistor et al. 2005; Takagi et al. 2005) , one must be sceptical. No long-term survival studies have yet been reported that would allow one to adequately assess the neoplastic potential of human ES cell grafts over time. Fundamentally, the risk of uncontrolled expansion by remnant ES cells is sufficiently high that complete abolition of undifferentiated ES cells from donor grafts would certainly lend more confidence to the safe clinical use of ES-derived dopaminergic neurons. Promoter-specified isolation strategies, based on both GFP-based sorting (Roy et al. 2005 ) and antibiotic selection (Li et al. 1998) , have allowed the enrichment of increasingly defined phenotypes from hES cells. Yet whether these approaches can be scaled up to achieve the abolition of undesired phenotypes from the large numbers of cells required for clinical transplants remains to be seen. To be sure, once dopaminergic progenitors do indeed become available in purity and abundance, a number of still unresolved issues need to be addressed before the clinical utility of these cells can become likely. These include the lack of afferent control of cells implanted into the caudate-putamen, their nonuniform and unpredictable dispersal, and the lack of nigrostriatal reconstruction upon alternative implantation into the substantia nigra; each of these issues was identified as problematic in foetal mesencephalic transplants, and each remains an impediment to early clinical translation.
CELL-BASED STRATEGIES FOR TREATING SPINAL CORD DISEASE
The spinal cord has been an attractive target for cellbased therapy, in part because of the dearth of available treatment options for spinal cord injury (SCI), but also because of the rapid pace of advance in our understanding of how to effect axonal regeneration in the injured cord (Gao et al. 2004; Hu & Strittmatter 2004; Nikulina et al. 2004) , without which cellular replacement alone would be of limited benefit.
Spinal cord injury is associated with the loss of both neurons and glia. Flexion-extension injuries, contusion and anterior spinal artery ischaemic events, as may occur in trauma, spinal cord stroke and iatrogenic occlusion, can all result in segmental loss of both the superficial white matter tracts, and the various neuronal populations of the central grey. Thus, cellbased strategies for reconstituting the injured spinal cord must accommodate the need to replace multiple cell types. NSC implants into the injured spinal cord have thus been used under the premise that regionally appropriate phenotypes might be generated from undifferentiated cells in response to local signals competent to induce cell type-specification. Yet the extent to which such context-dependent phenotypic differentiation of undifferentiated NSCs can be relied upon to appropriately regenerate regions of local damage is unclear. Donor cell differentiation can vary with both the differentiated state of the donor cells and the developmental stage of the recipient, as well as with the structural integrity and normalcy of the intended target region. Similarly, the ability of neurons derived from non-homotypic NSCs to appropriately follow local position-dependent cues in axonal pathfinding remains unclear. Nonetheless, Okano et al. noted that NSCs implanted into sites of SCI yielded behavioural improvement compared to untransplanted controls (Ogawa et al. 2002) . Similarly, Olson et al. found that neurogenin2-transduced NSCs, thereby primed to neuronal differentiation, yielded functional benefit after contusion injury (Hofstetter et al. 2005) . In both cases, improvement was associated with local neurogenesis and synaptogenesis that might have served to establish alternative pathways for neurotransmission in the injured segments of the cord. Nonetheless, the benefits of NSC transplantation might also have resulted from donor-host humoral interactions, by which the implanted donor cells may have supported the survival and regeneration of host axons and their segmental connections, without requiring the functional or synaptic maturation of the donor-derived neurons, or their integration within the host neural network (Ourednik et al. 2002) .
It is important to note here that the lack of control that can be exercised on the differentiated fate of implanted NSCs, or on the connections achieved by their neuronal daughters, is a real source of concern, since inappropriate phenotypic differentiation can prove ineffective or worse. For instance, rats transplanted with NSCs after thoracic weight-drop injury developed forelimb allodynia and heightened pain sensitivity that were associated with aberrant axonal sprouting following ectopic astrocytic differentiation (Hofstetter et al. 2005) . In the complex disease environment of acute traumatic injury, the very environmental malleability of NSCs may prove undesirable. This in turn suggests that more phenotypically restricted progenitor cells might behave more predictably and reliably upon host engraftment.
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Besides the loss of neurons and astrocytes seen in spinal cord injuries and infarcts, many cord injuries are demyelinative; the sensory tracts of the posterior columns and the descending motor tracts of the corticospinal pathways are both frequent victims of flexion-extension and contusion injuries of the cord. These surface pathways are also especially predisposed to ischaemic damage following cord oedema, with the draining veins on the posterolateral surfaces of the spinal cord being especially predisposed to congestion and hypoperfusion when oedematous. As a result, the transplantation of myelinogenic glial progenitors has been an especially appealing strategy for treating SCI. Indeed, this approach has been considered as a potential treatment for other segmental demyelinations, such as those that occur in transverse myelitis. Rao and colleagues demonstrated that foetal tissuederived glial-restricted progenitors implanted into the contused rat spinal cord dispersed widely, with both astrocytic and oligodendrocytic maturation (Han et al. 2004) . Although neither myelination nor the net efficiency of oligodendrogliogenesis were reported in this study, it nonetheless suggested the potential utility of glial progenitor grafts in carefully selected spinal cord injuries, especially those with limited involvement of the posterior columns and lateral funiculi.
Oligodendrocytes derived from human ES cells have also been reported to myelinate demyelinated foci in spinal cord contusions (Nistor et al. 2005) . This latter observation paralleled earlier studies that reported myelination in the injured spinal cord by implanted murine ES cells (Brustle et al. 1999) . However, neither of these studies isolated glial progenitors or oligodendrocytes prior to transplantation, and neither followed animals for the long periods of time required to ensure the long-term survival and phenotypic stability of the engrafted cells. In particular, these ES-based approaches are currently limited by the potential of any persistent undifferentiated ES cells in the donor pool to yield teratomas or germinomas after implantation. Thus, donor cell populations must be completely depleted of any persistent undifferentiated ES cells, before hES cell-based therapy of SCI-or of any other CNS disease target-may be safely contemplated. As a result, the implantation of tissue-derived glial progenitor cells may prove the more clinically feasible option, at least in the near future. Even then, any effective cellbased treatment of SCI will need to be accompanied by treatments designed to maximize extant cell survival (Wang et al. 2004) , axonal extension and synaptogenesis (Pearse et al. 2004) , as well as engraftment and differentiation. As with so many other disease targets, cell therapy of SCI will be unlikely to effect clinically significant restoration of function, without concurrent modulation of the disease environment in such a way as to favour cell integration and axonal regeneration, while suppressing ongoing disease pathology.
CELL-BASED THERAPY OF MOTOR NEURON DISEASES
In contrast to the many cell types lost in SCI, the major degenerative diseases of the spinal cord, including both amyotrophic lateral sclerosis (ALS) and the spinal muscular atrophies of children, as well as several major viral infections of the spinal cord, including poliomyelitis and West Nile virus, are characterized by a selective loss of spinal motor neurons. Motor neuron disease was an early target of stem cell-based therapy, but while initial attempts at using ES cell implants to treat experimental motor neuron disease did yield some functional benefit, this was not accompanied by appreciable motor neuronal differentiation (Kerr et al. 2003) . Indeed, this valuable initial effort suggested the need for engrafting phenotypically restricted cells in such disease models, rather than being held hostage to the stochastic differentiation of multipotential stem cells. Fortunately, motor neurons have proven especially amenable to generation from human ES cells , largely because of the well-studied development of motor neurons in normal ontogeny and its recapitulation in murine ES cells (Wichterle et al. 2002) , in which SHH and retinoic acid proved sufficient to induce motor neurons from human embryoid bodies.
As an alternative means of generating phenotypically restricted spinal neurons, Roy et al. transduced human foetal spinal neuroepithelium with retroviruses overexpressing human telomerase reverse transcriptase (hTERT), the rate-limiting component of human telomerase. The resultant telomerase-immortalized cells included lines biased to generate neurons; one in particular preferentially generated spinal interneurons, but also generated a minor cohort of motor neurons, that could be isolated by FACS based on Hb9 promoterdriven GFP expression . Like their human ES-derived counterparts, the motor neurons generated from these hTERT-immortalized progenitors were post-mitotic, both antigenically and physiologically appropriate, and functionally appropriate after engraftment ). However, just as the use of ES cells as a source of donor neurons poses the potential for adventitiously introducing as-yet undifferentiated cells that may prove tumorigenic, the use of neurons derived from a telomerase-immortalized precursor line may similarly present the potential for undifferentiated expansion from inadvertently admitted precursor cells. Again, the issue of pre-implantation purification will need to be addressed before either of these otherwise highly promising sources of phenotypically restricted donor cells may be used as clinical vectors.
It is also important to note that despite the availability of highly enriched human motor neurons from both human ES cells and telomerase-immortalized progenitors, and the identification of genetic tags that allow their isolation and targeting (Arber et al. 1999; Roy et al. 2004; Nakano et al. 2005) , the specific replacement of motor neurons presents a formidable challenge. Spinal cord neurons are the frequent victims of multilevel disease, with classical ALS involving most rostrocaudal segments of the CNS. Motor neurons generated from ES cells or hTERT-immortalized native spinal progenitors are essentially non-migratory, and would need to be delivered to sites of need; such multifocal targeting would be problematic at best. Indeed, the replacement of lost motor neurons in vivo requires not only multisegmental delivery or induction, but also the re-establishment of appropriate afferent innervation, and the long-distance extension of their axons, through often degenerating nerve roots, to specific loci in the distant musculature. Our poor understanding of much of the biology underlying these processes suggests that despite much recent progress in generating motor neurons from both ES cells and their tissue-derived homologues, cell-based treatment of the motor neuronopathies remains a difficult goal.
GLIAL PROGENITOR CELL-BASED THERAPY OF DEMYELINATING DISEASE
The demyelinating diseases of the brain are especially attractive targets for cell-based therapeutic strategies, since they are caused by the loss of a single cell type, the oligodendrocyte. Oligodendrocytes are the sole source of myelin in the adult CNS, and their loss or dysfunction is at the heart of a wide variety of diseases of both children and adults. Indeed, from the standpoint of the recipient, given their relative homogeneity of the affected phenotype, the diseases of myelin are especially attractive targets for cell-based therapy of brain and spinal cord disease. Fortuitously, from the standpoint of donor acquisition, glial progenitor cells very likely constitute the most abundant progenitor cell in both the adult and mid-gestation foetal brain (Scolding et al. 1998; Nunes et al. 2003) . These cells may be isolated and harvested in bulk from human brain tissue, and are readily biased to oligodendrocyte phenotype (figure 1). As a result, they have been assessed in a variety of models of dysmyelinating diseases.
In adults, oligodendrocytic loss is causal in disease as diverse as the vascular leucoencephalopathies and multiple sclerosis. When transplanted into lysolecithinlesioned adult rat brain, adult human oligodendrocyte progenitor cells (OPCs) were able to quickly mature as oligodendrocytes and myelinate residual denuded host axons, but with relatively low efficiency compared to the robust myelination seen in congenitally hypomyelinated brain. Similarly, systemic administration of NSCs into mice subjected to experimental allergic encephalomyelitis resulted in some degree of local engraftment, oligodendrocytic maturation and myelination (Pluchino et al. 2003) , although the robustness and stability of donor cell-mediated remyelination remains unclear (Pluchino et al. 2004 ). These observations highlight the importance of the disease environment in permitting appropriate oligodendrocytic differentiation and myelination (Franklin 2002) . Thus, while human OPCs would seem effective agents by which to remyelinate acutely demyelinated brain tissue, the complexity of the adult disease environment may make such targets less imminently approachable than their paediatric counterparts. At the very least, cell-based therapeutic strategies for adult demyelination, especially those intended to remyelinate the inflammatory lesions of multiple sclerosis, will require aggressive disease modification and immunosuppression as adjuncts to cell delivery.
THE CHILDHOOD DISORDERS OF MYELIN AS THERAPEUTIC TARGETS
The early dysmyelinations of the paediatric leucodystrophies comprise especially appropriate targets for progenitor cell-based therapy. Children suffer from a variety of hereditary diseases of myelin failure or loss, that include: (i) the hypomyelinating diseases, such as Pelizaeus-Merzbacher disease and hereditary spastic paraplegia, which represent primary disorders of myelin formation; (ii) the metabolic demyelinations and lysosomal storage disorders, such as metachromatic leucodystrophy, Tay-Sachs, Sandhoff's and Krabbe's diseases, as well as adrenoleucodystrophy and the mucopolysaccharidoses; and (iii) gross disorders of tissue loss, such as vanishing white matter disease and Canavan's disease, in which oligodendrocytes are early targets (reviewed in Kaye 2001; Powers 2004 ). In addition, a variety of hereditary metabolic disorders that are manifested by early neuronal loss, such as the organic acidurias and neuronal ceroid lipofuscinoses (NCLs), are accompanied by early oligodendrocyte loss. Moreover, even more common paediatric afflictions, such as cerebral palsy, are due in part to a perinatal loss of oligodendrocytes and their precursors (Back & Rivkees 2004; Follett et al. 2004; Robinson et al. 2005) .
Their mechanistic heterogeneity notwithstanding, all of these conditions include as a prominent feature the loss of oligodendrocytes and central myelin. To assess the potential of cell-based treatment for congenital dysmyelination, Windrem et al. transplanted sorted human OPCs of both foetal and adult origin into newborn shiverer mice, a dysmyelinated mouse deficient in myelin basic protein (MBP; Windrem et al. 2002 Windrem et al. , 2003 Windrem et al. , 2004 . The donor OPCs dispersed widely throughout the shiverer forebrain white matter, such that single neonatal injections of OPCs into the lateral ventricles and adjacent callosum yielded abundant donor cell infiltration of the entire corpus callosum, fimbria and internal and external capsules, as well as the deep subcapsular white matter to the level of the cerebral peduncles ( figure 2a-h ). Although the dorsal brainstem and cerebellum were not infiltrated by cells introduced through a forebrain route, addition of a single intracerebellar injection at birth proved sufficient to substantially infiltrate the cerebellar white matter and peduncles, allowing donor engraftment contiguous with that of the forebrain and ventral brainstem ( figure 3a-c) . Overall, these cells migrated as widely as did immortalized murine NSCs, which were reported by Snyder and colleagues to be similarly capable of context-dependent differentiation and myelination (Yandava et al. 1999) .
Neonatally implanted human donor OPCs developed as astrocytes and myelinating oligodendrocytes in a context-dependent fashion, such that those donor cells that engrafted presumptive white matter developed as oligodendrocytes, while those invading cortical and subcortical grey developed largely as astrocytes (figure 2i; Windrem et al. 2004) . The majority of donor cells engrafted the white matter, such that after neonatal intraventricular and intracallosal injection, the corpus callosum typically expressed MBP throughout its mediolateral extent, along its entire length in the sagittal plane, and throughout the dorsoventral extent of the internal capsules to the cerebral peduncles (Windrem et al. 2004; figure 2a-c) . Donor-derived myelin effectively ensheathed host shiverer axons, as validated by both confocal imaging ( figure 4a,b) , and by the ultrastructural observation of donor-derived myelin with major dense lines ( figure 4c,d ), indicating effective myelin compaction, of which native shiverer oligodendrocytes are incapable. In addition, confocal analysis revealed the presence of nodes of Ranvier between donor-derived myelinated segments, and the paranodal expression of contactin-associated protein (Caspr) suggesting functionally appropriate nodal architecture (figure 4e). Given the widespread dispersal of donor cells, their high-density engraftment and myelination, and their architecturally appropriate and quantitatively significant ensheathment of host axons (figure 3c), these results strongly suggested the feasibility of neonatal progenitor cell implantation as a potential therapeutic strategy in the congenital disorders of myelin.
CELL-BASED STRATEGIES FOR TREATING LYSOSOMAL STORAGE DISORDERS AND METABOLIC LEUCODYSTROPHIES
In many of the metabolic disorders of myelin, such as Krabbe's and Canavan's diseases, oligodendrocytes are essentially bystanders, killed by toxic metabolites emanating from cells deficient in one or more critical enzymes. Since the engraftment of glial progenitor cells is associated with astrocytic as well as oligodendrocytic production, and since both the subcortical and cortical grey are infiltrated with donor-derived astrocytes after early implantation, glial progenitors would seem an especially promising vehicle for the distribution of enzyme-producing cells throughout otherwise deficient brain parenchyma. On that basis, several groups have begun to assess the ability of enzymatically competent, effectively wild-type glial progenitor cells to delay or ameliorate the signs and symptoms of the lysosomal storage disorders and other metabolic leucodystrophies. In addition, undifferentiated NSCs are being assessed with much the same logic, in that they can migrate widely throughout the developing nervous system, and can to some extent differentiate and integrate in a regionally appropriate fashion. As such, they can be used as delivery vehicles for both normally expressed and genetically overexpressed enzymes deficient in their hosts. Snyder and colleagues first established this principle of cell-based rescue of enzymatically deficient host cells by wild-type donor NSC implantation in a mouse model of MPS-VII, Sly's disease, in which myc-transduced NSCs were implanted neonatally and observed to migrate widely and restore lost enzymatic function broadly in the recipient forebrain (Snyder et al. 1995) . The same group subsequently reported expression of b-hexosaminidase upon engraftment of transduced NSCs into recipient mice (Lacorazza 1996) , though functional benefits accruing to engraftment-associated enzyme expression have not yet been reported. Similarly, Pellegatta et al. (2006) recently engrafted twitcher mice, a murine model of Krabbe's globoid cell leucodystrophy, with cultured NSCs transduced to overexpress galactocerebrosidase, the enzyme deficient in Krabbe's disease. Although the engrafted cells did not survive well in the highly inflammatory twitcher brain, they migrated appropriately to active sites of demyelination, in a manner akin to that noted in adults by Martino et al. (Pluchino et al. 2003 (Pluchino et al. , 2004 . One might hope that in recipients immunosuppressed to reduce donor cell rejection, future trials may be better able to assess the capacity of engrafted NSCs to restore lost structure and function. A recently approved investigational new drug application to assess the use of human NSC allografts in treating Batten's disease (NCL2) speaks to the efforts that may be anticipated in this field over the next several years.
DEFINING OPTIMAL CELLULAR VECTORS FOR THE LEUCODYSTROPHIES
Both foetal and adult OPCs have been proposed as potential cellular vectors for cell therapy of the congenitally dysmyelinated CNS. Yet foetal and adult-derived OPCs have been observed to behave quite differently after neonatal xenograft (Windrem et al. 2004) . Isolates of human OPCs derived from adult white matter myelinated recipient brain much more rapidly than did foetal OPCs; adult-derived progenitors achieved widespread myelination by just four weeks after graft, while cells derived from late second trimester foetuses took over three months to do so. The adult OPCs also generated oligodendrocytes more efficiently than foetal glial progenitors, and ensheathed more axons per donor cell than did foetal cells. In contrast, foetal glial progenitors emigrated more widely and engrafted more efficiently, differentiating as astrocytes in grey matter regions and oligodendrocytes in white matter (figure 5).
The divergent behaviours of foetal and adult-derived glial progenitors suggest their respective use for different disease targets. Adult OPCs, by virtue of their oligodendrocytic bias and rapid myelination, may be most appropriate for diseases of acute oligodendrocytic loss, such as subcortical infarcts and post-inflammatory demyelinated lesions. In contrast, foetal progenitors may prove more effective for treating the congenital leucodystrophies, since their extensive emigration better assures uniform and widespread dispersal, while their astrocytic differentiation and invasion of grey matter may offer the correction of enzymatic deficits in deficient cortex. Indeed, perinatal grafts of foetal progenitor cells might prove a means of simultaneously myelinating and correcting enzymatic deficiencies in the paediatric leucodystrophies (Snyder et al. 1995) . The lysosomal storage disorders present especially attractive targets in this regard, since wild-type lysosomal enzymes may be released by integrated donor cells, and taken up by deficient host cells through the mannose-6-phosphate receptor pathway (Urayama et al. 2004) . As a result, a relatively small number of donor glia may provide sufficient enzymatic activity to correct the underlying catalytic deficit and storage disorder of a much larger number of host cells ( Jeyakumar et al. 2005) . That being said, little data currently exists with regards to the number or proportion of wild-type cells required to achieve local correction of enzymatic activity and substrate clearance in any storage disorder, and these values will probably need to be obtained for each disease target. Similarly, effective cell doses, delivery sites and time frames will need to be established in models of Cell therapy of the CNS S. A. Goldman & M. S. Windrem 1471 congenital hypomyelination before clinical trials of progenitor-based therapy can be contemplated. Moreover, the efficiency of myelination required for significant benefit remains unclear, as functional improvement may require remyelination over much if not the entire linear extent of each recipient axon. These caveats notwithstanding, there is reason for optimism that cell-based therapy of the paediatric myelin disorders, in particular for the primary dysmyelinations, such as PelizaeusMerzbacher disease (Hudson et al. 2004) , vanishing white matter disease (van der Knaap et al. 1997 ) and the spastic diplegic forms of cerebral palsy (Back & Rivkees 2004) , may not be far off.
OVERVIEW
Clinically meaningful cell replacement in the diseased CNS will require a rigorous identification of those diseases most amenable to rational cell-based therapy. We have specified three such targets, broadly defined as PD, SCI and demyelinating disease, the latter encompassing both the paediatric leucodystrophies and storage disorders, as well as conditions of adult demyelination. These seemingly diverse disorders are all characterized by relatively simple neuropathology and known pathophysiology, and each involves the loss of a limited number of cell phenotypes. In this regard, the glial diseases stand out as the especially promising initial targets for cell transplant-based therapy of CNS disease. Using a common strategy of glial progenitor cell implantation, paediatric diseases as diverse as the leucodystrophies, lysosomal storage diseases and cerebral palsy, and such adult acquired demyelinations as transverse myelitis, multiple sclerosis and subcortical stroke, may all be approachable as therapeutic targets.
Moreover, the same technologies used to enrich progenitor cells for transplantation yield isolates amenable to both immortalization and gene expression analyses as well. This has led to the generation of lines of specific types of neuronal progenitors that may prove useful not only as cellular vectors for transplantation, but also as tools for understanding the signalling pathways and growth control of native progenitors. Using such information, endogenous progenitor cells can be targeted for directed mobilization and phenotypic induction, whether by neurotrophic cytokines, or by their small molecule mimetics. Indeed, by mobilizing endogenous progenitors in vivo, we can hope to mitigate the need for transplantation in many disease settings. In others however, such as diseases involving the widespread loss of cells across the neuraxis, and disorders in which endogenous progenitor cells themselves are lost or deficient, therapeutic strategies based on cell transplantation will be as necessary as they now appear promising. Together, these distinct approaches to cellbased therapy should serve to establish effective tissue repair as a therapeutic endpoint in clinical neurology.
I thank Drs Neeta Roy and Fraser Sim for their contributions to the studies discussed, and Dr Sim for drawing figure 1. I apologize to the many authors whose relevant work we have not been able to cite in this short review. S.A.G. is supported by NINDS, the National Multiple Sclerosis Society, the A-T Children's Project and the CNS Foundation, Berlex Bioscience, and Q Therapeutics. 
